Introduction
Lath boundary (LB) in martensitic steel is a low angle boundary with a misorientation less than approximately 5 degrees. 1) Since its interfacial energy is relatively low, LB seems not to be a preferential nucleation site for phase transformation compared to other high angle boundaries such as prior austenite grain boundaries, packet and block boundaries. However, it is known that reversed austenite tends to nucleate at LBs in martensitic and bainitic steels during heat treatment in (ferriteϩaustenite) two phase region. [2] [3] [4] [5] [6] Authors also confirmed in the previous study that the reversed austenite preferentially nucleated at LBs rather than prior austenite grain boundaries (PAGBs) in 13%Cr-6%Ni martensitic stainless steel reversion-treated at 913 K. 7) On the contrary, some researchers reported that the nucleation behavior of austenite was influenced by the heating rate in low carbon steels; acicular austenite grains were frequently formed within a prior austenite grain under a low heating rate, while the granular ones tended to be formed mainly on PAGBs when the heating rate was increased. [2] [3] [4] [5] [6] This result suggests that the shape and nucleation site of reversed austenite would depend on the temperature at which the nucleation occurs. Since the size and dispersion of austenite nuclei affect the final microstructure after completion of reversion, it is necessary to understand the nucleation behavior for controlling mechanical properties of steels. In this study, the temperature dependence of austenite nucleation behavior within lath martensitic structure was investigated in an ultralow carbon 13%Cr-6%Ni martensitic stainless steel. The transition of austenite nucleation site was then discussed on the basis of the classical nucleation theory considering the change in interfacial energy and elastic strain energy by formation of an austenite nucleus.
Experimental Procedure
The material prepared in this study is an ultralow carbon martensitic stainless steel with a chemical composition of Fe-13Cr-6Ni-0.012C-0.012N-2.1Mo mass%. The materials were water-quenched after austenitization at 1 173 K for 1.8 ks to obtain lath martensitic single structure, and then subjected to the partial reversion treatment at 873, 913 and 953 K in (ferriteϩaustenite) two phase region, followed by air-cooling. The equilibrium phase diagram and T 0 temper- The temperature dependence of austenite nucleation behavior was investigated in an ultralow carbon 13%Cr-6%Ni martensitic stainless steel. The martensitic structure was partially reversed to austenite by heat treatment at different temperature in (austeniteϩferrite) two-phase region. With increasing the reversion temperature, the shape of austenite grains tend to be changed from acicular to granular, and their nucleation site is changed from lath boundaries to prior austenite grain boundaries. The transition of nucleation site was discussed in terms of energetics by considering the increases in interfacial energy and elastic strain energy by formation of an austenite nucleus. The calculation results suggested that lath boundary is more preferential nucleation site rather than prior austenite grain boundary because the increment of elastic strain energy is reduced with lowing the reversion temperature.
KEY WORDS: austenite; martensite; reversion behavior; temperature dependence. ature line of this material was calculated with the thermodynamic calculation software Thermo-Calc TM as shown in Fig. 1 . Microstructure was observed with an optical microscope, a field emission scanning electron microscope (FE-SEM) and a transmission electron microscope (TEM). Crystallographic characterization was also carried out by means of electron backscatter diffraction (EBSD) method using the FE-SEM. The data obtained by the EBSD method was analyzed by the orientation imaging microscopy (OIM TM ) system. Volume fraction of austenite phase was measured by thermodilatometry method 7) for during heat treatment and the saturation-magnetization measurement 8) for after cooling to ambient temperature. The generation of elastic strain energy by formation of an austenite nucleus was simulated by using the general-produced finite element (FEM) method analysis code MARC2005. Two-dimensional analysis was carried out on the section perpendicular to the close packed direction of martensite and austenite. In the simulation, the shape of austenite nucleus formed at a grain boundary was estimated by the geometrical construction proposed by Lee and Aaronson. 9) 3. Results
Formation of Reversed Austenite during Heat
Treatment in (Ferrite؉ ؉Austenite) Two-phase Region Figure 2 shows changes in the volume fraction of austenite during heat treatment in the (ferriteϩaustenite) two-phase region at 873, 913, and 953 K (solid marks) and that after air-cooling from each temperature (open marks) as a function of the holding time. The volume fraction of reversed austenite was gradually increased with increasing the holding time, and then finally levels off at around 10, 50, and 85 vol% at 873, 913, and 953 K, respectively, which agrees well with the equilibrium phase diagram of Fig. 1 . Such a gradual reversion behavior is a characteristic of diffusional phase transformation. The growth of austenite is usually accompanied by the condensation of Ni.
10) It is found that the volume fraction of austenite is decreased after air-cooling in the case of reversion treatment at 913 and 953 K. This is due to the re-transformation of reversed austenite to martensite (formation of fresh martensite) on cooling. The re-transformation seems to be caused by lowering the stability of reversed austenite due to the dilution of Ni. 10) In the following experiments, the holding times at 873, 913, and 953 K were fixed at 10.8, 1.8, and 0.18 ks, respectively, so as to avoid the formation of fresh martensite. The respective volume fractions of austenite obtained under these heat treatment conditions were 10, 15, and 7 vol%, as pointed by the black arrows in Fig. 2 . Figure 3 represents TEM micrographs of the specimens partially reversion-treated at (a) 873 K, (b) 913 K, and (c) 953 K. Reversed austenite grains are observed within the tempered lath martensitic structure in each specimen, but there is a significant difference in its shape and nucleation site among these specimens. In the (a) 873 and (b) 913 K reversion-treated specimens, acicular austenite grains are formed at LBs. No austenite is observed at PAGBs. On the other hand, in the (c) 953 K reversion-treated specimen, the austenite grains are hardly observed at LBs, and instead, granular ones exist on PAGB. It is noticed that these granular austenite grains have a facet interface with one side of martensite matrix. As a result of analysis of TEM selected area diffraction pattern, it is understood that the reversed austenite holds the Kurdjumov-Sachs (K-S) relationship, Although there is some difference in the volume fraction and size of austenite among the specimens, it is clearly confirmed that the nucleation site of reversed austenite is varied depending on the temperature. In the 873 and 913 K reversion-treated specimens (Figs. 4(a)-4(d)), the reversed austenite grains are uniformly dispersed within a lath martensitic structure, while in the 953 K reversion-treated specimen (Figs. 4(e) and 4(f)), the austenite grains are mainly formed at PAGBs as indicated by white arrows. The detail crystallographic analysis for the reversed austenite grains revealed that they have K-S relationship with one side or both side of martensite matrix, similarly to the result of Fig. 3(c) . From these observations, the change in the number fraction of austenite grains formed at PAGBs is indicated in Fig. 5 as a function of reversion treatment temperature. Only a few percent of austenite has been formed at PAGB in the lower temperature region. However, the austenite at PAGB is rapidly increased with increasing the temperature, and reaches approximately 40% at 953 K. This result demonstrates that the nucleation site of reversed austenite is changed from LBs to PAGBs by increasing the reversion temperature.
Effect of Reversion Temperature on Austenite Nucleation Site
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Discussions
According to the classical nucleation theory, the activation energy for second phase nucleation in phase transformation, DG*, is given by the following equation where E, V, DG v , and DG s are the change in total interfacial energy by formation of a nucleus, the volume of the critical nucleus, the change in volume free energy, and the change in strain energy, respectively. This equation means that the frequency of nucleation should be affected by three factors of E, V, and DG s when DG v (temperature) is constant. In the following paragraph, these three factors, particularly E and DG s , are compared between the cases of nucleation at LB and PAGB to explain the temperature dependence of austenite nucleation site in lath martensite.
Difference in Interfacial Energy
Change between LB and PAGB In order to estimate the change in interfacial and strain energies by austenite nucleation at LB and PAGB, it is necessary to give the characters of both grain boundaries and nuclei. As representative LB and PAGB, ͗111͘ symmetrical tilt grain boundaries shown in Fig. 6 were selected for calculation. The misorientation angles of these boundaries were set at 2 and 20 degrees, respectively. The grain boundary model for LB is actually valid because it is reported that LB (terrace plane of martensite lath) and longitudinal direction of martensite lath is closely {011} aЈ and ͗111͘ aЈ , respectively. [11] [12] [13] [14] Meanwhile, the PAGB model is a certain case in which the grain boundary energy becomes maximum. Under the above assumption, the grain boundary en- According to the two-dimensional construction method proposed by Lee and Aaronson, 9) the shape of a critical nuclei of austenite formed at LB and PAGB are expected to have an ideal form minimizing the activation energy for nucleation, as drawn in Fig. 7 . This is a geometric drawing method using the two circles with radius r, whose radius and the distance between centers are proportional to the incoherent interfacial and grain boundary energies, respectively. In this study, grain boundary energies of 0.2 and 1.1 J/m 2 mentioned above were used for LB and PAGB. In addition, interfacial energies of 1.0 and 0.2 J/m 2 were applied to the incoherent aЈ/g interface and the coherent aЈ/g interface with K-S relationship. 16) Since an austenite formed at LB generally has the same orientation as that of a prior austenite grain, 7) the aЈ/g interface of austenite nucleus at LB should be coherent interface holding K-S relationship with matrix on both sides (a). On the other hand, an austenite nucleus formed at PAGB can hold K-S relationship only with either side of matrix due to crystallographic geometry. Therefore, its shape necessarily becomes granular-type surrounded by both coherent and incoherent interfaces. In such case, the misorientation angle between the coherent interface and PAGB should be 10 degrees (b), because it is reported that the activation energy for second phase nucleation gets lower with decreasing a misorientation between coherent interface and prior grain boundary. 9) This means that the (110) aЈ which is nearly parallel to the PAGB is selected as the coherent interface. The expected shapes of austenite nuclei at LB and PAGB basically correspond to the experimentally observed shapes represented in Fig. 3 . From these results, the volume of critical nucleus and the change in interfacial energy by austenite nucleation at LB and PAGB can be calculated, as shown in Table 1 . This calculation indicates that the austenite nucleation at LB leads to a larger increment of interfacial energy than the case of PAGB. Consequently, it is understood that PAGB is more advantageous than LB for austenite nucleation from the view point of interfacial energy.
Difference in Transformation Strain Energy
Change between LB and PAGB Since the martensite matrix and the reversed austenite have differences in density, thermal expansion, Young's modules and so on, transformation strain should be generated though the nucleation of austenite within martensite. The generation of strain energy works as a resistance to phase transformation, and thus, the nucleation site would be selected such that the increase in strain energy is minimized. To estimate the change in strain energy by formation of an austenite nucleus, FEM analysis was carried out for the austenite nucleation at LB and PAGB. In this analysis, the increase in elastic strain energy has been calculated on the assumption that the elastic transformation strain is never accommodated by plastic deformation and atomic diffusion at interface, that is, the calculation result would give a solution of maximum possible strain energy distribution. Figure 8 shows the crystal conditions of the nuclei at LB and PAGB together with the meshes for calculation. 17) The ͗111͘ symmetrical tilt grain boundaries (Fig. 6 ) are again applied here. In addition, the shape of nuclei are set at the ideal form drawn in Fig. 7 . The K-S relationship is realized between martensite matrix and austenite at the aЈ/g facet interface. In the case of LB (a), the left side of facet interfaces was fixed to be a perfect habit plane. The strain energy by austenite nucleation could be generated by a shape change from martensite to austenite. The shape change was theoretically estimated on the basis of Bain deformation using the lattice parameters of martensite and austenite as 0.286 and 0.351 nm, respectively. 18) And then, the strain energy was calculated the estimated shape change. In addition, the anisotropies of Young's modulus in both phases were considered by using the data of pure iron and austenitic stainless steel at ambient temperature. 19) Figure 9 is the result of FEM analysis showing the strain energy distribution. This result demonstrates that the local strain is concentrated at the incoherent aЈ/g interfaces as indicated by the white arrows. Additionally, the elastic strain in martensite matrix is more widely expanded in the case of PAGB (b) than that of LB (a). Comparing of the total increment of strain energy per unit area between both cases reveals that austenite nucleation at PAGB (b) generates 1.17 (2.026/1.733) times larger total increments of strain energy than the case of LB (a). It is concluded that LB is more advantageous than PAGB for austenite nucleation from the view point of strain energy, which is the opposite tendency of the interfacial energy calculation mentioned in the previous section.
Transition of Austenite Nucleation Site Depending
on Reversion Temperature From above calculations, temperature dependence of austenite nucleation site in lath martensite can be explained as follows. When the value of DG s for LB (see Eq. (1)) is obtained as g (J/m 2 ), the substitution of the results of Table  1 Here, DG v (Ͻ0) is the change in volume free energy, and this is decreased (the absolute value is increased) with rising reversion temperature. Figure 10 shows the difference between DG* LB and DG* PAGB (DG* LB ϪDG* PAGB ) as a function of DG v . The difference in DG* is decreased with increasing DG v , and then changed from positive to negative at Ϫ1.41g J/m 2 . This means that austenite tends to nucleate at LB when the reversion temperature is sufficiently lowered to have the driving force (DG v ) be comparable to DG s in magnitude. On the other hand, when the driving force is much larger than DG s at a higher reversion temperature, the preferential nucleation site would change from LB to PAGB due to the decline of the effect of DG s .
However, it is obvious that the above calculation models for interfacial and strain energies lack some important effects to be considered. For example, we should pay attention to the fact that the elastic strain energy could be accommodated by an atomic diffusion and an introduction of misfit dislocations. The PAGB nucleus with another grain boundary character should result in somewhat different energy generation. More basically, the two-dimensional calculation is just a simplified estimation. We need further consideration and study on nucleation behavior in order to make more rigorous model.
Summary
The temperature dependence of austenite nucleation behavior within lath martensitic structure were investigated in an ultralow carbon 13%Cr-6%Ni martensitic steel. The results obtained are summarized as follows:
(1) The shape and nucleation site of reversed austenite are changed depending on reversion temperature. In a lower temperature of (austeniteϩferrite) two-phase region, acicular austenite grains are frequently formed at the lath boundaries. On the other hand, in higher temperature, granular ones are mainly formed at the prior austenite grain boundary.
(2) The temperature dependence of austenite nucleation site in lath martensite is essentially explained by the classical nucleation theory considering the change in interfacial energy and elastic strain energy. Austenite tends to nucleate at lath boundary when the reversion temperature is sufficiently lowered to have the change in volume free energy be comparable to the change in strain energy in magnitude.
